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ABSTRACT 
The present study relates to forma self-assembled coating on cotton fabric using layer-by-layer 
(L-B-L) technique to impart antimicrobial property. Poly(styrenesulfonate) (PSS) and 
synthesised silver loaded chitosan (CS-Ag) nanoparticles were used as anionic and cationic 
agents, respectively, for the L-B-L electrostatic assembly of polyelectrolytes. The alternate L 
B-L deposition of PSS and CS-Ag nanoparticles on fabric was done up to 15 bi-layers, which
was confirmed by measuring the change in depth of colour of fabric after each single layer 
deposition. Scanning electron micrographs showed the successful deposition of CS-Ag 
nanoparticles as the topmost surface layer of coated fabric, which was further reaffirmed by X 
ray photoelectron spectroscopy analysis. Results of both qualitative and quantitative analysis 
showed enhancement in the antibacterial activity of fabric coated L-B-L with CS-Ag 
nanoparticles (using minimal loading of silver) with respect to that of fabric coated L-B-L with 
chitosan (CS) nanoparticles. This was further substantiated by sustained release of Ag+ from 
fabric coated L-B-L with CS-Ag nanoparticles, as observed by atomic absorption spectroscopy. 
Besides, no adverse effect on the physical and mechanical properties of the fabric, such as air-
permeability, tensile strength and bending (flexural) rigidity, was observed after L-B-L coating 
of nanoparticles. 
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1. Introduction 
Polysaccharides are easily accessible in abundance in nature. Within the wide range of 
polysaccharides, cellulose and chitin are the most important biomass resources. Further, chitin 
can be deacetylated to obtain chitosan [1–3], which has excellent biocompatibility, 
biodegradability, ecological safety, non-toxicity, and versatile biological effects such as 
antibacterial, antifungal and antitumor activities, and low immunogenicity [4–6]. Owing to 
these bioactive properties, chitosan nanoparticles, nanofibres and its derivatives find potential 
applications in medicine, drug delivery, drinking and wastewater treatment, hydrogels, 
adhesives, antioxidants, biosensors, functional textiles and food packaging [7–10]. 
Chitosan has been employed as an eco-friendly finishing agent to develop functional textile 
materials [11–16], which have attracted significant attention in various fields. A wide range of 
such materials in the form of monofilament, multifilament, woven or nonwoven structures are 
being used as filtration membranes, antibacterial garments, packaging materials, sutures, 
bandages, scaffolds, wound dressings, masks, surgical gowns, hospital linen and so on [17–
21]. Conventionally, chitosan is applied through coating/finishing process wherein it is 
dissolved in a weak acid and imbued into the textile structure through pad-dry-cure process 
using a cross-linking agent [22]. Some researchers have blended fine chitosan powder with 
appropriate polymer and extruded chitosan-polyester, chitosan-acrylic, and chitosan-rayon 
blended fibres. However, most of these conventional application techniques adversely affect 
the fabric flexibility, permeability, handle and comfort, and also deteriorate the mechanical 
properties of fabric [23–25]. Thus, an improvised technique for application of chitosan on 
textile substrates is highly desirable which facilitates maximum utilisation of the excellent 
antibacterial/antimicrobial attributes of chitosan without deteriorating the properties of the 
substrate.  
It is believed that submicron- or nano- thick coating of chitosan on fabrics can impart 
intended properties to them without significantly affecting their flexibility, comfort, 
permeability and handle or feel [26,27]. Several techniques are available for nanocoating of 
textile materials, like plasma-assisted polymeric coating, layer-by-layer (L-B-L) or self-
assembly coating, sol-gel coating and magnetron sputter coating [28–30]. Out of these, L-B-L 
technique is exclusively developed for the fabrication of thin composite films on solid surfaces, 
and involves alternate deposition of charged cationic and anionic polyelectrolytes to create 
nano-layers on material surfaces. Uger et al. modified cotton fabric surface with L-B-L 
deposition of ZnO nanoparticles [31] and TiO2 nanoparticles [32] for enhancing the UV 
protection performance of fabric without causing any significant change in its air permeability, 
whiteness value and tensile properties. Dubas et al. [33] applied L-B-L coating of silver 
nanoparticles capped with poly(methacrylic acid) and poly(diallyldimethylammonium 
chloride) over nylon/silk fabrics. They found 20 bi-layers of coating to give 80% and 50% 
bacterial reduction for silk and nylon fabrics, respectively. Abd El-Hady et al. [34] deposited 
multilayers of ZnO/SiO2 nanocomposite on the cationised cotton fabric via L-B-L coating 
technique to improve hydrophobicity and UV protection property to fabric. Wang et al. [35] 
fabricated flexible and durable electromagnetic interference shielding cotton fabric by L-B-L 
coating multiwall carbon nanotubes (MWCNTs) and nickel ferrite (NiFe2O4) nanoparticles. 
Application of various nanoparticles on textile substrates using L-B-L coating technique to 
impart UV protective, antimicrobial, flame retardant, water repellent and self-cleaning 
properties are extensively reported [25,32,36–39]. 
Several studies reporting L-B-L deposition of chitosan are also available. Ali et al. [25] 
synthesised chitosan nanoparticles and deposited them L-B-L over cotton fabric to form 
nanocoating and found significant improvement in antibacterial effectiveness without any 
deterioration in the physical properties of the fabric. Pan et al. [40] produced self-extinguishing 
flame retardant fabric by L-B-L deposition of chitosan on cotton fabric. Some researchers have 
also used alternate layers of chitosan with other functional materials to gain synergistic 
advantage of both. Saini et al. [41] carried out L-B-L coating of chitosan and green tea extract 
over linen fabric and observed synergistic improvement in antioxidant, antibacterial and UV 
protection properties of fabric. Fahmy et al. [42] applied alternate layers of chitosan and 
hyaluronic acid on nonwoven cotton fabric for use in wound dressings. Tian et al. [43] 
attempted to enhance UV protection property of cotton fabric via L-B-L coating of chitosan 
and graphene oxide. In another similar kind of study [44], they deposited alternate layers of 
graphene doped poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT: PSS) and 
chitosan upon cotton fabric and observed 30 times increment in UV protection factor with 
excellent washing durability of fabric. Lv et al. [45] applied L-B-L coating of chitosan and 
vitamin B2 on silk fabric and obtained good flame retardant and antibacterial activity. Kundu 
et al. [46] studied on the deposition of chitosan, phosphorylated chitosan and poly-
acrylatesodium onto the polyamide 66 fabric via L-B-L coating technique to impart flame 
retardant property to fabric. Li et al. [47] constructed flame retardant and antibacterial cotton 
fabrics by L-B-L depositing chitosan and ammonium phytate. Kafi et al. [48] carried out L-B-
L coating of chitosan, sodium lignin sulphonate and boric acid over cotton fabric to obtain 
antibacterial, flame retardant, UV protection and antioxidant properties to fabric. 
It is widely agreed that a single antibacterial agent cannot work effectively against a wide 
range of bacteria of both Gram-positive and Gram-negative species. In addition, the natural 
antibacterial polymers like chitosan exhibit bactericidal effect in fabrics at very high 
concentrations only. Moreover, chitosan does not even render sustained release of bactericidal 
effect which is crucial for drug delivery application. It is worth considering here the well-
established inhibitory effect of silver against various bacteria, fungi and viruses [49]. In fact, 
silver is known to be effective against almost 650 bacteria trends [33]. Silver ions which have 
been used as antimicrobial agents in the past have been given renewed interest. Numerous 
researchers have reported the combined use of silver and chitosan for synergistic improvement 
in bactericidal activity using different techniques [50–59]. Very few have carried out L-B-L 
deposition of silver and chitosan along with some other nanomaterial(s) as well [42,60–63]. 
However, none has reported L-B-L deposition of silver loaded chitosan nanoparticles over 
cotton fabric. The present work involves synthesis of silver loaded chitosan nanoparticles 
followed by deposition of alternate layers of these nanoparticles and PSS on cotton fabric by 
using L-B-L self-assembly coating technique, for enriching the antibacterial property of cotton 
fabric. Besides, a systematic study has been conducted to achieve significant antibacterial 
activity with minimal usage of silver and chitosan. 
2. Materials and methods 
2.1 Materials 
Scoured and bleached 100% cotton woven fabric, with 70 × 58 EPI or ends per inch × PPI or 
picks per inch and 80 g/m2 areal density, was used as the substrate for L-B-L nanocoating. 
Chitosan with molecular weight (MW) 440 KDa and deacetylation degree 80% was purchased 
from Sigma-Aldrich Chemical Co. Ltd. Sodium tripolyphosphate (TPP), 
Poly(styrenesulfonate) (PSS) with 60,000 MW and poly(allyl hydrochloride) (PAH) with 
60,000 MW were also procured from Sigma Aldrich Chemical Co. Ltd.  Sandene-2000, a 
cationising agent (polyamine based) used to create positive charge on the cotton fabric was 
obtained form M/s Clariant Chemicals Ltd. Silver nitrate (AgNO3) was purchased from 
Qualigens Fine Chemicals Pvt. Ltd. Sodium hydroxide (NaOH) and glacial acetic acid 
(CH3COOH) were supplied by Ranbaxy Laboratories Ltd. Nutrient broth (Merck), Nutrient 
Agar (Merck) and Agar-Agar (Merck) were used to carry out the antibacterial testing. 
Deionised water was obtained from Millipore Milli-Q water purification system. 
2.2. Synthesis of chitosan and silver loaded chitosan nanoparticles  
Chitosan (CS) nanoparticles were synthesised by ionotropic gelation process as per our 
previously optimised process parameters [64]. Chitosan solution was prepared by dissolving 
purified chitosan powder (1% w/v) in acetic acid solution by sonicating until the solution 
became transparent. Then chitosan solution was further diluted with deionised water to 0.1% 
(w/v) concentration. TPP was dissolved in deionised water at 0.1% (w/v), and then poured drop 
wise to the chitosan solution under magnetic stirring at 800 r/min for 15 min. The formation of 
chitosan nanoparticles started spontaneously via ionic gelation mechanism [65].  
Silver loaded chitosan (CS-Ag) nanoparticles were prepared by adding an aqueous solution 
of AgNO3 to the prepared CS nanoparticle suspension as per our previously optimised process 
conditions [22] and stirred it for 1 h. The silver ions (Ag+) get attached to CS nanoparticles via 
formation of coordinate bonds with lone pair electrons of free amino groups of the latter. 
Further, there is also a possibility of ionic bond formation between negatively charged 
phosphate ions (PO4
3-) and positively charged Ag+ in the complexes. In addition, it is likely 
that some of the Ag+ convert into silver nanoparticles. In this situation, chitosan itself acts as a 
stabilising as well as reducing agent [66] resulting in formation of reddish yellow coloured 
suspension (Fig. 1), which indicates the formation of CS-Ag nanoparticles.  
 
Fig. 1 Picture of (a) bulk chitosan solution, (b) CS nanoparticle suspension, and (c) CS-Ag 
nanoparticle suspension 
Differently concentrated AgNO3 solutions (0.05, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 and 10 mM) were 
added to CS nanoparticle suspension in order to study the effect of AgNO3 concentration on 
silver (Ag) loading on CS nanoparticles. These nanoparticle suspensions were directly used for 
particle size analysis. The prepared nanoparticles were separated by centrifuging the 
suspensions at 9000 r/min for 45 min. Nanoparticles were extensively rinsed with distilled 
water and freeze dried in a LABCONCO freeze dryer (FREEZONE 4.5) at −47 °C under 85 × 
10−3 mbar pressure. 
2.3 L-B-L deposition of polyelectrolyte multilayers on cotton fabric  
To begin with, cationisation of fabric was done to generate cationic sites on the surface of 
cotton fibres [67]. For this, the fabric was treated with Sandene 2000 (4% v/v) keeping material 
to liquor (M:L) ratio of 1:20 for 20 min at 60 °C, followed by washing and drying at room 
temperature (30 ± 2 °C). Subsequently, the base layers of PSS/PHA were formed in order to 
provide strong binding between rough surface of fibres and main body layers of PSS/CS-Ag. 
For the base layer formation, fabric was alternately dipped in aqueous solutions of PSS and 
PAH, at previously standardised conditions followed in [25].  
After formation of base layers, the body layers were formed by dipping the fabric alternately 
in PSS (0.6%) solution and CS-Ag nanoparticle suspension. After each dipping, the fabric was 
washed with distilled water under sonication (Elmasonic S 60 H ultrasonicator at 650 W) for 5 
min (Fig. 2). This process was repeated for depositing varying numbers of bi-layers (up to 15) 
keeping CS-Ag nanoparticles in the topmost layer (Fig. 3). The same procedure was repeated 
by using CS nanoparticle suspension for comparison of the functional properties of both types 
of L-B-L coated fabric.  
 
Fig. 2 L-B-L coating process for the formation of body layers of PSS/CS-Ag on fabric 
 
Fig. 3 Schematic representation of L-B-L build-up of base and body layers on fabric 
 
2.4 Characterisation of the synthesised nanoparticles 
Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter and size 
distribution or polydispersity index of synthesised nanoparticles [65,68]. The size of the 
nanoparticle suspensions were measured using DelsaTM Nano C (Beckman Coulter, USA) 
particle analyser. All DLS measurements were done using 2 laser diodes (30 mW) emitting a 
wavelength of 658 nm with an angle of detection of 165° at 25 °C temperature.  
The surface appearance of the synthesised nanoparticles was examined under a 
Transmission Electron Microscope (TEM) machine (Phillips CM 12). One drop of the 
nanoparticles dispersion was placed on a copper grid with the help of a syringe and air-dried 
without causing any disturbance to it, and then viewed under the TEM.  
2.5 Analysis of silver loading in CS nanoparticles 
To estimate the amount of Ag loading on CS nanoparticles for varying concentration of AgNO3 
solution, known quantity of CS-Ag nanoparticles was completely digested in 10 mL aqueous 
solution of HNO3 and H2SO4 (1:3 v/v) and the Ag
+ concentration was measured using atomic 
absorption spectrometry (AAS, SpectrAA 110, Varian). Using AAS measurement of various 
solutions with known Ag+ concentration, a calibration curve was drawn and this was used for 
the quantitative estimation of amount of Ag in CS-Ag nanoparticles. 
2.6 Assessment of L-B-L deposition on fabric 
The alternate L-B-L deposition of PSS and CS-Ag nanoparticles on fabric surface was 
confirmed by measuring the change of colour depth of the coated fabric sample dyed with 
anionic dye (acid navy blue, 5% on the weight of fabric). After coating the fabric, dyeing was 
carried out at 1:50 M:L ratio for 2 h with a pH maintained at 5.0, at ambient temperature. The 
amount of dye absorbed was analysed using reflectance spectrophotometer (Color Eye 7000-
A, GretagMacbeth). This instrument analyses the light being reflected from the fabric surface 
and produces an absorption spectrum. The ratio between the sorption coefficient (K) and the 
scattering coefficient (S) can be calculated from reflectance data using the Kubelka-Munk 
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The K/S value is commonly used to represent the amount of dye fixed on substrate or dye 
content of textile substrates [33]. The reflectance of the coated fabric was measured in the 
wavelength range of 360–750 nm and the K/S values were determined from the reflectance 
measurements. 
2.7 X-ray photoelectron spectroscopy analysis 
In order to analyse the surface elemental composition of coated fabrics, an AXIS Ultra DLD 
hybrid X-ray photoelectron spectrometer (XPS) with an Al source and a spherical mirror 
analyser was used in spectrum mode. The total pressure in the main vacuum chamber during 
analysis was typically 1 × 10−8 Torr. The take-off angle of the electrons was 90° and the angle 
of the incident X-rays hitting the sample was 30°. The chemical elements present on the fabric 
surface were identified from survey spectra. The survey scans started at 1400 eV and ended at 
−5 eV taking 1 eV steps with a dwell time of 600 ms. High resolution scans were performed 
around peaks of interest. 
2.8 Scanning electron microscopy  
The surface of neat and both types of L-B-L coated fabrics was observed using Cambridge 
scanning electron microscope (SEM, Model: S 360). A small square of the fabric sample was 
placed on an aluminum plate sample holder. Then fabric sample was coated with a thin layer 
of gold using Emitech K550X large sample coater (9 × 10−4 Mbar, current 25 mA, time 3 min) 
and observed under SEM. Additionally, the thickness of L-B-L coating was also measured by 
observing cross-section of individual fibre. The bacterial adhesion on the neat and coated 
fabrics surface was also observed. 
2.9 Assessment of antibacterial activity 
The antibacterial activity of both variants of L-B-L coated fabrics was evaluated qualitatively 
as well as quantitatively. The parallel streak method (AATCC-147) was used to assess the 
growth of Gram-positive, S. aureus and B. subtilis (Inoculum size: 5.7 ± 0.2 × 105 CFU/mL 
and 4.2 ± 0.3 × 105 CFU/mL, respectively) and Gram-negative, E. coli (Inoculum size: 6.1 ± 
0.2 × 105 CFU/mL) bacteria on fabrics. Using a wire-loop, bacteria culture was transferred to 
the agar plate to form their streaks, located 1 cm apart from each other. Then the prepared 
fabric swatch (2 in × 1 in) was pressed on the streak inoculum, and the plates were incubated 
for 24 h at 37 °C. After incubation, bacterial growth was observed underneath and around the 
fabric swatch. 
For the quantitative analysis, modified colony counting method (AATCC-100) was used. 
The fabric swatches (2 in × 1 in) were placed in sterilised flasks containing Luria broth solution 
inoculated with 10 µL of test organisms (5.3 ± 0.2 × 105 CFU/mL of S. aureus and 6.4 ± 0.2 × 
105 CFU/mL of E. coli) and incubated for 24 h at 37 °C in a laboratory shaker at 200 r/min. 
After 24 h of incubation, serial dilutions of these different solutions were made in sterilised 
water. Dilution of 10−3, 10−4, 10−5 and 10−6 were used for colony counting method. 10 µL each 
of the diluted solutions was spread on to the agar plates, which were then incubated at 37 °C 
for 24 h. After incubation, bacterial colonies were counted. The percentage reduction in the 
number of colonies in coated fabric samples with respect to that of neat fabric sample (control) 
represents the antibacterial activity of the coated fabric (Equation 2).  
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where, A and B are the CFU or colony forming units (CFU/mL) of neat (control) and coated 
fabrics, respectively.  
2.10 Assessment of silver ion release  
The rate of release of Ag+ was tested by immersing a weighed portion (2 in × 1 in) of CS-Ag 
nanoparticle coated cotton fabric in an aqueous solution of NaCl and CaCl2 using M:L ratio of 
1:100 (w/v), and placed in a temperature-controlled environment (37 ± 3 °C) for 48 h in static 
conditions. The concentration of Ag+ ions was measured at different intervals of time by AAS 
technique on SpectrAA 110 spectrophotometer, Varian. All experiments were done in 
triplicates. 
2.11 Assessment of physical and mechanical properties of fabric 
In order to study any change in the physical and mechanical properties of fabric after L-B-L 
coating, the neat and coated fabrics were tested for their air permeability, tensile strength and 
bending length/flexural rigidity. Shirley air-permeability apparatus, Shirley Development 
Limited, Manchester, UK (BS 3424) was used to carry out the air permeability testing of fabric 
before and after coating. For tensile testing, fabric strips of size 20 cm × 5 cm were cut and 
conditioned in standard atmosphere (20 °C, 65% RH) for 24 h. The breaking strength of fabric 
strips were made on Instron 4202 following ASTM-D5035-90. Test measurements were made 
in the warp direction and average of 03 samples of each type was recorded. To calculate the 
flexural rigidity, the bending length of neat and coated fabrics was measured using Paramount 
bending length tester. Samples were cut in warp and weft directions using the template of the 
equipment. The measured bending length values were used to calculate flexural rigidity of neat 















Where M is mass per unit are (g/m2) of fabric and L is bending length (mm) 
2.12 Statistical analysis 
All measurements were performed in triplicates and the values are presented as 
mean ± standard deviation, unless otherwise stated. Student’s t-test was performed to identify 
statistical significance differences. Probability values of p < 0.05 were considered significant. 
3. Results and discussion 
3.1 Characteristics of CS and CS-Ag nanoparticles  
Fig. 4 shows the dependency of silver loading on concentration of AgNO3. It can be seen that 
silver loading in CS nanoparticles increases with increase in concentration of AgNO3 upto 5 
mM, beyond which it becomes constant perhaps due to fulfilment of occupation of silver ions 
on NH2 groups of chitosan nanoparticles. Since one of the objectives of this study was to 
achieve sufficient bactericidal activity with minimal concentration of silver, all further 
investigation was done corresponding to CS-Ag prepared using 1 mM AgNO3 solution only.  
 
Fig. 4 Silver loading in CS-Ag nanoparticles corresponding to different concentration of 
AgNO3 used  
 
Fig. 5 shows the size distribution obtained from DLS apparatus for the synthesised CS and CS-
Ag nanoparticles. It is seen that the average particle size and polydispersity index (PDI) are 
higher for CS-Ag nanoparticles (165 nm and 0.342, respectively) than for CS nanoparticles 
(115 nm and 0.211, respectively). This is perhaps due to surface chelation of Ag+ with CS 
nanoparticles. Notably, the PDI for both the nanoparticles is less than 0.5, suggesting very 
narrow particle size distribution. 
In the TEM images (Fig. 6) also, CS and CS-Ag nanoparticles of the same size range are 
observed. The surface of the CS nanoparticles appears to be smooth with spherical morphology. 
On the other hand, CS-Ag nanoparticles of increased size and multi-shape formation are 
observed. This is due to the attachment of silver on the chitosan nanoparticles structure. 
 
 
Fig. 5 Particle size distributions of (a) CS and (b) CS-Ag nanoparticles 
 
 
Fig. 6 TEM images of (a) CS and (b) CS-Ag nanoparticles 
 
 
3.3 Verification of L-B-L deposition of nanoparticles 
The electrical properties of the fabric surface are anticipated to change alternately between 
positive charge and negative charge after L-B-L electrostatic assembly of polyelectrolytes, thus 
making it worthwhile to determine the change in surface polarity of CS-Ag L-B-L coated 
cotton fabric to demonstrate the stepwise build-up of PSS/CS-Ag multilayers [25,70]. As the 
outermost layer alternates between PSS and CS-Ag, the colour (K/S) values of coated fabric 
should present regular oscillations or change in colour depth after every successive deposition 
of PSS and CS-Ag layers. Since higher dye content leads to an increase in absorbance, the 
fabric is expected to largely absorb acid navy blue dye (i.e. anionic dye) when CS-Ag form the 
outermost layer. In contrast, when PSS represents the upper/outer layer, the negatively charged 
surface should inhibit the absorption of anionic acid navy blue dye because of the repulsion 
between the same charges and thus result in decrease in colour depth.  
As explained earlier, the deposition of one CS-Ag nanoparticle layer over one PSS layer 
leads to the formation of one complete bi-layer (Fig. 3). Corresponding to all fractional bi-
layers (e.g., 1.5, 2.5, 3.5, and so on), anionic PSS forms the outer layer, whereas cationic CS-
Ag nanoparticles are exposed on outer surface for each full bi-layer (e.g., 1, 2, 3, and so on). 
Consequently, as seen in Fig. 7, each fractional bi-layer shows lower K/S value, and each full 
bi-layer exhibits higher K/S value. This oscillation of K/S value corresponding to the alternating 
occurrence of fractional and full bi-layered cotton surface (up to 15 bi-layers) manifests the L-
B-L build-up of PSS and CS-Ag nanoparticles in the self-assembled multi-layered structure. 
  
Fig. 7 K/S values corresponding to successively deposited PSS and CS-Ag layers on fabrics 
and colour depth corresponding to uncoated, (PSS/CS-Ag)14.5 coated and (PSS/CS-Ag)15 
coated fabrics 
3.4 XPS Analysis  
Fig. 8 demonstrates the XPS spectrum of a fabric coated with 15 bi-layers of PSS/CS-Ag 
((PSS/CS-Ag)15). The generation of individual peaks at 367.95 eV and 406.5 eV may be due 
to the presence of Ag (3d) and N (1S), respectively, originating from the CS-Ag layer. The 
peaks at 367.95 eV binding energy indicate the presence of metallic Ag nanoparticles [71,72].  
The C (1s) can be deconvoluted into C−C/C=C (284.4 eV), C−OH/C−N (285.9 eV) and the 
binding energy (BE) of 282.9 eV can be assigned to the bond between C and Ag during the 
formation of CS-Ag nanoparticles [73–75]. The O (1s) peak appearing in the range of 530–533 
eV, which can be deconvoluted into the major peak, appear at C=O (530.8 eV) and the fewer 
peaks at C−OH (533 eV). The peak of N (1s) reveals the presence of NH2 (397.8 eV) in 
chitosan, and the protonated NH3
+ group (399.9 eV) which relates to the stronger interaction of 
Ag-NPs with NH3
+of chitosan [74]. 
 
Fig. 8 XPS spectrum of (PSS/CS-Ag)15 coated fabric 
3.5 Surface morphology  
Fig. 9 shows the SEM micrographs of neat, (PSS/CS)15 and (PSS/CS-Ag)15 coated fabrics. The 
surface of fibres in neat cotton fabric seems to be clean and smooth (Fig. 9a), whereas it appears 
to be rough and covered with nanoparticles in coated fabrics (Fig. 9b & 9c). It is also clear 
from the micrographs that CS and CS-Ag nanoparticles are uniformly deposited on cotton 
fabric surface. It is important to note here that while the individual fibre surfaces are coated 
with nanoparticles, the interstices of fabric and the inter-fibre spaces are free of any coating 
material. Hence, the fabric porosity/permeability is expected to be unaffected due to this L-B-
L coating.  
 
    Fig. 9 SEM images of (a) neat, (b) (PSS/CS)15 coated, and (PSS/CS-Ag)15 coated fabrics  
 
The coating material on the coated fibre surface is clearly visible in Fig. 10 with contrast to 
uncoated fibre surface (as represented in previous figure, i.e. Fig. 9a). Magnified view of the 
cross-section of an individual coated fibre is also depicted in Fig. 10. The light grey coated 
material can be seen to distinctly form an average thickness of around 3.4 µm for (PSS/CS-
Ag)15 coated fabric as compared to the conventionally reported thick coatings (several hundred 
micron to millimetre range) formed by other techniques [76,77]. 
 
Fig. 10 SEM of (PSS/CS-Ag)15 coated fabric; inset-single fibre cross-section  
3.5 Antibacterial activity of L-B-L coated fabrics 
Fig. 11 shows the antibacterial activity of (PSS/CS)15 and (PSS/CS-Ag)15 coated fabrics at 
same concentration (0.1%) of CS and CS-Ag nanoparticles, against S. aureus and E. coli 
bacteria. CS-Ag coated fabric shows 100% bactericidal activity against both types of bacteria, 
whereas CS coated fabric exhibits 72% and 68% bactericidal activity against S. aureus and E. 
coli, respectively. The higher activity of (PSS/CS-Ag)15 coated fabric as compared to that of 
(PSS/CS)15 coated fabric can be attributed to the synergistic effect of CS and Ag against 
bacteria. 
 
Fig. 11 Antibacterial activity of (PSS/CS-Ag)15 vs (PSS/CS)15 coated fabrics against 5.3 ± 0.2 
× 105 CFU/mL of S. aureus and 6.4 ± 0.2 × 105 CFU/mL of E. coli bacteria 
Additionally, as seen in Fig. 12, (PSS/CS-Ag)15 coated fabric sample shows a clear zone of 
inhibition against different type of bacteria (Gram-positive (S. aureus and B. subtilis) and 
Gram-negative (E. coli)), which is not observed in case of (PSS/CS)15 coated fabric. Table 1 
enlists the diameter of zone of inhibition (mm), measured manually for different agar plates. It 
may be inferred from Table 1 and Fig. 12 that the antibacterial action in case of (PSS/CS-Ag)15 
coated fabric is based on release and barrier mechanism, whereas in case of (PSS/CS)15 coated 
fabric, only the barrier mechanism contributes to controlling the bacterial growth. 
 
 
Fig. 12 Antibacterial effect of (a) neat, (b) (PSS/CS)15 coated, and (c) (PSS/CS-Ag)15 coated 
fabric against 5.7 ± 0.2 × 10
5 CFU/mL of S. aureus, 4.2 ± 0.3 × 105 CFU/mL of B. subtilis and 
6.1 ± 0.2 × 105 CFU/mL of E. coli bacteria 
 
Table 1 Zone of inhibition of neat, (PSS/CS)15 coated and (PSS/CS-Ag)15 coated fabrics 
Fabric sample 
Zone of inhibition (mm) 
S. aureus B. subtilis E. coli 
Neat sample 0 0 0 
(PSS/CS)15 0 0 0 
(PSS/CS-Ag)15 4.8 3.2 2.5 
 
3.6 Bacterial adhesion on fabric surface 
The bacterial adherence to the neat, (PSS/CS)15 and (PSS/CS-Ag)15 coated fabric, as examined 
under SEM, is presented in Fig. 13. Fig. 13a depicts tremendous growth of B. subtilis and E. 
coli bacteria on neat fibre surfaces. Fig. 13b shows drastic reduction in the extent of bacterial 
adhesion for (PSS/CS)15 coated fabric, such that it is considerably effective in inhibiting the 
growth of bacteria. On the other hand, CS-Ag nanoparticles act as an excellent bactericidal 
agent against both types of bacteria, such that no bacterial adhesion can be spotted in Fig. 13c, 
which was also reflected in its 100% antibacterial efficacy.  
 
 
Fig. 13 Bacteria adhesion on (a) neat, (b) (PSS/CS)15 coated, and (c) (PSS/CS-Ag)15 coated 
fabrics against 4.2 ± 0.3 × 105 CFU/mL of B. subtilis and 6.1 ± 0.2 × 105 E. coli bacteria after 
24 h of incubation at 37 °C. 
3.7 Silver release from CS-Ag coated fabric 
Fig. 14 shows the gradual release of Ag+ from CS-Ag coated cotton fabrics up to 48 h of test. 
Fabric coated with (PSS/CS-Ag)15 shows a higher release of silver and for a longer time than 
by that coated with (PSS/CS-Ag)5. This is due to the incorporation of more amount of Ag in 
the multi-layered structure of the former. Owing to the facilitation of sustained release of Ag, 
the cotton fabrics coated with multilayers of PSS and CS-Ag nanoparticles may be put to use 
in various biomedical applications where long term antibacterial effect is desired, e.g., wound 
dressings, drug delivery, sportswear, etc. 
Fig. 14 Release of silver from (PSS/CS-Ag)5 and (PSS/CS-Ag)15 coated fabrics with time 
3.8 Physical and mechanical properties of coated fabrics 
Table 2 reflects the physical properties of the fabric before and after treatment. The air 
permeability, tensile strength and flexural rigidity of coated fabrics were almost unaltered with 
respect to the neat fabrics. Notably, the CS-Ag nanoparticles deposited on the individual fibre 
surface by electrostatic self-assembly. As mentioned earlier, the interstices of fabrics and inter-
fibre spaces are free of coating material (Fig. 9). Therefore, the fabric porosity is unaffected by 
the coating, or the air continues to pass as easily as in neat fabric.   
The fabric tensile properties can be adversely affected due to recurring difference in pH 
values of dipping media used for L-B-L coating [31]. However, since the pH of PSS and CS-
Ag solutions were maintained as same (5.0), the fabric tensile strength did not undergo any 
significant (p <0.05) deterioration. Similar observation has been reported by other researchers 
also [31,32,78]. Moreover, the flexibility of the fabric also remains unaffected even after 
deposition of 15 bi-layers of PSS/CS-Ag, as reflected by the values of flexural rigidity. Thus, 
as hypothesised/envisaged, L-B-L coating retained the air permeability, tensile strength and 
flexibility of original cotton fabric. 
Table 2 Physical and mechanical properties of neat and (PSS/CS-Ag)15 coated fabric  
Fabric  Air permeability  
(cm3/s/cm2) 


















(The values in parenthesis represent coefficient of variation %) 
4. Conclusion  
The present work demonstrates self-assembled nano-level coating of PSS and CS-Ag 
nanoparticles on woven cotton fabric for enhancing its antibacterial activity against both Gram-
positive and Gram-negative bacteria, without deteriorating its physical and mechanical 
properties. Different concentrations of AgNO3 were used in order to study its effect on amount 
of silver loading in CS nanoparticles. It was observed that silver loading increases with increase 
in concentration of AgNO3 upto 5 mM, beyond which no further increment was observed. 
However, in order to attain sufficient bactericidal effect with minimal loading of silver, CS-Ag 
nanoparticles loaded with 1 mM AgNO3 were used for layering on fabric. Deposition of 15 bi-
layers of PSS/CS-Ag on fabric, and with CS-Ag nanoparticles on top was confirmed by 
measuring K/S value of dyed coated fabric. Besides, XPS spectrum of (PSS/CS-Ag)15 coated 
fabric also confirmed the presence of silver and chitosan on outer most layer of the fabric. The 
deposition of CS-Ag nanoparticles on the fibre surfaces was uniform and did not even block 
the interstices of fabric as well as the inter-fibre spaces, as observed from SEM images. The 
coating thickness upon individual fibre cross-section was found to be 3.4 µm for (PSS/CS-
Ag)15 coated fabric.  
Evaluation of antibacterial activity of coated fabrics revealed that (PSS/CS-Ag)15 coated 
fabric was 100% effective in killing both types of bacteria (S. aureus and E. coli). On the other 
hand, (PSS/CS)15 coated fabric was only 72% and 68% effective against S. aureus and E. coli, 
respectively. It was also concluded that antibacterial action in case of (PSS/CS-Ag)15 coated 
fabric was based on release and barrier mechanism, whereas in case of (PSS/CS)15 coated 
fabric, only the barrier mechanism contributed to controlling the bacterial growth.  Moreover, 
(PSS/CS-Ag)15 coated fabric showed a higher release of silver and for a longer time, indicating 
its potential use in various biomedical applications where long term antibacterial effect or 
controlled silver release is desired. It was found that unlike most of the conventional 
techniques, L-B-L coating technique was capable to preserve the air permeability, tensile 
strength and flexibility of cotton fabric even after 15 bi-layers of coting.  
In view of the afore-stated results, it can be established that L-B-L coating of CS-Ag 
nanoparticles over a cotton substrate is an effective route to make it bioactive using minimal 
concentration silver and chitosan, and that too without compromising with the inherent physical 
properties of the substrate. 
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